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Poly(N-isopropylacrylamide (PNIPAAm) hydrogels possess lower critical solution 
temperatures (LCST) at around 32oC where gels will experience abrupt and drastic 
collapse in structure above LCST. This thermoresponsive property has led to many 
applications in biomedical field such as tissue engineering and on-off drug delivery 
devices. This project aims to study the potential of using PNIPAAm hydrogels for 
protein delivery and to obtain in-depth understanding of protein-gel interactions. 
 
PNIPAAm gels were synthesized using N, N’-methylenebisacrylamide as crosslinker, 
ammonium persulphate as initiator and N, N, N’, N’-tetramethylethylenediamine as 
accelerator. Scanning electron microscopy (SEM) photomicrographs of freeze-dried 
gels had revealed that hydrogels with smaller pores were obtained for higher 
crosslinker contents. Furthermore, effects of crosslinker content, release temperature, 
protein loading and molecular size as well as temperature cycling on the protein 
release from PNIPAAm gels were examined. Higher bovine serum albumin (BSA) 
loading was obtained when high concentrations of protein loading solution and gels 
with lower crosslinker contents were used.  This was due to the adsorption of BSA to 
gel matrix. In addition, protein-gel interactions and protein-protein aggregation had 
also caused incomplete release of encapsulated BSA from the gels. Furthermore, 
enhanced mass transfer created by gel swelling and deswelling in response to 
temperature cycling failed to improve BSA release. Evidence for residual unreleased 
BSA in gel was provided by dyeing the gel with protein determination reagent and 
shift in gels’ LCST value. In contrast, greater percentage of insulin was released 
compared to BSA because of its smaller size and different amino acids composition.  
iv 
   SUMMARY 
 
With the objective of reducing protein-gel interactions, varying amounts of linear 
poly(vinyl alcohol) (PVA) chains were added during PNIPAAm gel synthesis to form 
semi-interpenetrating network (semi-IPNs). Semi-IPNs showed higher equilibrium 
swelling ratios and greater sensitivities to temperature changes across LCST. 
Additionally, LCSTs and free water contents of semi-IPNs were also higher than 
PNIPAAm gels due to interactions between linear PVA polymer chains and 
PNIPAAm gel network. Percentage of BSA released from semi-IPNs was higher than 
that of PNIPAAm gels and increased with higher PVA content in the network. This 
was because of the reduction of available binding sites in PNIPAAm network by 
interpenetrating PVA chains. Thus, more of the encapsulated proteins were released. 
Unchanged LCST values of semi-IPN before and after release had also indicated that 
protein interactions with the polymer network were circumvented. Finally, addition of 
PVA to PNIPAAm gels to form semi-IPNs minimized protein-gel interactions, thus 
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 CHAPTER 1 INTRODUCTION 
 
 
Hydrogels are hydrophilic, three dimensional polymeric networks capable of absorbing 
water up to thousand times their dry weight [1]. Since the development of poly(2-
hydroxyethyl methacrylate) gels in early 1960s, hydrogels have been exploited in a 
wide range of applications, such as sutures, contact lenses, drug delivery devices, 
biosensors, artificial skin and wound dressings. This is because with their high water 
contents and soft consistencies, hydrogels resemble natural living tissues more than 
any other class of synthetic biomaterials. Moreover, high water contents allow these 
materials to exhibit excellent biocompatibility. 
 
Hydrogels may be tailored to undergo sudden and reversible changes in their swelling 
ratios in response to variations in external stimuli such as pH, temperature, electric 
field and ionic strength. Among these ‘intelligent’ materials, PNIPAAm hydrogels are 
one of the better studied thermoresponsive materials that possess characteristic 
temperatures known as LCSTs at around 32oC [2,3]. This implies that as temperature 
of external environment is raised to and above LCST, PNIPAAm gels will experience 
abrupt and drastic collapse in structure. This thermosensitivity makes them especially 
useful for biomedical and bioengineering applications [4] such as molecular 
separations [5,6], on-off switches for modulated drug delivery [7,8], tissue engineering 
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   INTRODUCTION 
 
Rapid development of proteins and peptide based drugs in recent years have spurred a 
great demand for novel delivery devices that are able to protect the drugs from hostile 
body environment (proteolytic enzymes and low pH), control body’s reaction to drug 
formulation and deliver the drug where or when required by using external stimuli 
[12]. With the above objectives in mind, many researchers have examined the potential 
of crosslinked PNIPAAm and its copolymers for encapsulating and delivering proteins 
[13, 14]. 
 
Despite numerous studies that have been conducted on PNIPAAm hydrogels for 
modulated protein delivery, factors like protein- gel interactions, that can influence 
protein release, have not been examined thoroughly. Protein-gel interactions not only 
have the ability to change protein transport mechanism through polymer matrix but 
also affect biocompatibility of hydrogels. For instance, adsorption of proteins and 
other macromolecules onto gels’ surface can result in complement activation of the 
body’s immune system and contact lens fouling. Matsuda et al. [15] reported that 
mixing PNIPAAm polymer with human serum albumin (HSA) yielded an 
“intramolecular” complex made up of a PNIPAAm polymer chain with several of the 
bound HSA molecules. Furthermore, amino acids, aspartic acid and valine were found 
to bind to PNIPAAm microgel through hydrogen bonding and hydrophobic 
interactions respectively [16]. 
 
Lower critical separation is generally governed by the balance of hydrophilic and 
hydrophobic moieties in PNIPAAm chain. Incorporation of hydrophobic or 
hydrophilic comonomers led to lower or higher LCST correspondingly [17]. Some 
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researchers [8, 16, 18] had discovered that LCST value of PNIPAAm and its 
copolymers could be affected by drug or protein-polymer interactions as well. For 
example, Bae et al. [8] reported that on-off switching temperature or LCST of 
indomethacin-loaded interpenetrating networks (IPNs) of PNIPAAm and 
polytetramethylene ether (PTMEG) was not consistent with the temperature where 
unloaded blank gels collapsed (as observed during swelling studies). Yasui et al. [18] 
had similar findings where thermosensitive PNIPAAm hairs with conjugated enzymes 
attached on microspheres showed higher LCST compared to PNIPAAm hairs without 
conjugated enzymes. Thus, in our work, a comparison was made on LCST of blank 
and protein loaded PNIPAAm gels to gain an insight into protein-gel interactions. 
 
Therefore, the aim of this project is to evaluate potential use of PNIPAAm hydrogels 
as protein delivery devices, and obtain thorough understanding of gel-protein 
interactions and their influence on protein release kinetics. Specifically, two systems of 
thermoresponsive hydrogels such as conventional PNIPAAm hydrogels and 
PNIPAAm/PVA semi-IPNs were examined using BSA and insulin as model proteins 
of different molecular sizes. 
 
In the first section, PNIPAAm hydrogels with varying crosslinker contents were 
synthesized via free radical polymerization. The in vitro release of protein from these 
gels was investigated at varying conditions of release temperatures, protein loading 
level and molecular weights as well as crosslinker contents. The cross sectional gel 
morphologies were characterized using SEM. In addition, differential scanning 
calorimetry (DSC) was utilized to measure LCST of the gels. Finally, effects of gel-
protein interactions on protein release was reported and discussed.  
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For second system, PNIPAAm/PVA semi-IPNs were synthesized using different PVA 
contents. By incorporating PVA polymer chains into the network, it was hypothesized 
that PVA would be able to form hydrogen bonds with existing sites within gel 
network, thus reducing protein-gel interactions by competing for limited binding sites. 
These gels were first characterized by swelling studies and SEM. In vitro release using 
model protein BSA was conducted on these semi-IPNs and compared with 
conventional PNIPAAm gels. DSC was again employed to determine LCST as well as 
to characterize the water state in gels. Finally, effects of PVA content on protein-gel 









2.1 Physicochemical Properties of PNIPAAm Gels 
2.1.1 Crosslinking  
Crosslinking level of PNIPAAm hydrogels did not have any effect on LCST values 
[19]. Instead, network structure of PNIPAAm hydrogels became more porous with an 
increase in crosslinking level, creating numerous water channels for diffusion, leading 
to an improved response rate to temperature changes. Sayil et al. [20] found that after a 
critical crosslinker concentration of 2-5 % (w/w) with respect to monomer content, 
network structure changed from homogeneous to heterogeneous. Further increase of 
crosslinker content increased both swelling rate and porosity of networks.    
 
2.1.2 Swelling Ratios 
Swelling ratios of gels could be increased by raising the temperature at which gel 
synthesis was carried out. However, this temperature must be below the gel’s LCST 
[21]. In the same study, results obtained from gel polymerization in various media (DI 
water, acetone and ethanol) revealed that gels formed from polymerization media with 
larger molecular size had higher swelling ratio.   
 
2.1.3 Gel Drying Methods 
Use of different drying methods could affect physicochemical properties of PNIPAAm 
microgel beads [22], which included freeze drying after slow freezing (beads are 
frozen slowly at -20oC in freezer), freeze drying after quick freezing in liquid nitrogen, 
and oven drying at 100oC for 30 minutes. Particle size distribution, gel volume during 
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deswelling or reswelling, surface topography and morphology were significantly 
influenced by different drying methods employed, although LCST of microgel beads 
remained unaffected. 
 
2.1.4 Effect of Comonomers 
Supplementary characteristics could be added to existing properties of PNIPAAm by 
copolymerization. For example, pH sensitivity was added to temperature responsive 
properties of PNIPAAm hydrogels by copolymerizing with monomers containing 
basic or acidic pendant groups, such as acrylic acid. Monomers such as acrylic acid 
(AAc) [13, 23-27], methacrylic acid [28, 29] and N, N’-
dimethylaminopropylmethacrylamide [30] had been copolymerized with NIPAAm to 
gain pH sensitivity.  
 
Poly(N-isopropylacrylamide-co-butylmethacrylate-co-acrylic acid) (poly(NIPAAm-co-
BMA-co-AAc)) terpolymer was made into polymeric beads for oral delivery of 
proteins, such as human calcitonin [13, 25], insulin, angiotensin II and trypsin 
inhibitor. The hydrophobic comonomer, BMA served to improve gel’s mechanical 
properties and hydrophilic comonomer, AAc not only provided pH sensitivity but also 
increased LCST nearer to that of body temperature and prevented formation of “skin” 
type barrier above LCST [23]. Temperature and pH responsive properties of this 
polymer prevented the beads from becoming soluble in acidic environment at 37oC and 
thus protected encapsulated drug from gastric degradation. However, in intestines 
where pH was neutral, polymeric beads became soluble thereby releasing drug into 
intestinal tract. Furthermore, polymer molecular weight could influence drug release 
rates at pH 7.4, thus, use of polymers of different molecular weights for bead 
6 
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fabrication allowed drug release to be targeted at different sites of the gastrointestinal 
tract [13].   
 
Treatment of coronary thrombosis and stroke patients could be improved by delivering 
thrombolytic and antithrombotic agents directly to the blood clot site. In this way, side 
effects of large doses as well as required administration frequency of the drugs could 
be reduced. Both pH and temperature sensitive hydrogels made from poly(N-
isopropylacrylamide-co-acrylic acid) [23] and poly(N-isopropylacrylamide-co-
methacrylic acid) [28, 29] were developed to perform this task utilizing small 
physiological changes in pH and temperature at the site of blood clots to localize 
delivery of therapeutic agents. 
 
On the other hand, increased acrylic acid content in the copolymeric network might 
reduce or even eliminate temperature sensitivity of resultant hydrogel [26]. In order to 
counteract this effect, Zhang et al. [27] came up an idea of synthesizing copolymeric 
PNIPAAm/AAc gel in alkaline medium (Tris/HCl buffer, pH 8.8, ionic strength: 
0.5M). The acid groups (-COOH) on acrylic acid molecules would dissociate to form 
carboxyl (-COO-) ions in alkaline medium. Consequently, electrostatic repulsion 
among carboxyl (-COO-) anions of polymer chains led to an expanded conformation of 
resultant gel matrix (see Figure 2.1). Gels synthesized in this manner exhibited fast 
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Figure 2.1 Schematic illustration of structures of conventional PNIPAAm and 
poly(NIPAAm-co-AAc) hydrogels as well as expanded poly(NIPAAm-co-AAc) 
hydrogels [27]. 
 
2.2 Overcoming Limitations of PNIPAAm Hydrogels 
Conventional PNIPAAm hydrogels have limited applications in biomedical field 
because of its phase transition temperature, lack of mechanical strength, and slow 
swelling/deswelling kinetics. The following sections will give a brief review on 
research done to improve the properties of PNIPAAm hydrogels so as to be able to use 
the gels in more diversified areas. 
 
2.2.1 Phase Transition Temperature 
LCST of PNIPAAm gels is 32oC [2, 3] which is very much lower than physiological 
body temperature of around 37oC. However, desirable LCST for temperature sensitive 
hydrogels when used for biomedical applications should be at or near the physiological 
temperature. Incorporating a hydrophilic comonomer should be able to raise the LCST 
of PNIPAAm hydrogels. In certain cases, addition of hydrophilic ionizable monomer 
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2.2.2 Lack of Mechanical Strength 
It is crucial to improve the mechanical strength of PNIPAAm hydrogels in order for 
these gels to be employed as drug delivery devices or artificial organs.  
 
Synthesis of PNIPAAm hydrogels within another tougher scaffold like silica was one 
of the approaches taken by some researchers. In this manner, tougher novel materials 
possessing synergized properties of the scaffold and polymer were produced. Suzuki et 
al. [31] prepared thermoresponsive, inorganic-organic hybrid gels by gelation of 
NIPAAm monomer in presence of crosslinkers into the pores of silica matrix. With a 
common motive of improving mechanical strength of PNIPAAm gels, Li and 
D’Emmanuele [32] used disc shaped sintered glass filter as inert scaffold to act as 
support for crosslinked PNIPAAm gels where gels were synthesized in situ within the 
pores of sintered glass.  
 
A novel method to improve mechanical strength of PNIPAAm hydrogels was to use 
inorganic clay, synthetic hectorite, ([Mg5.34Li0.66Si8O20-OH)4]Na0.66), as a 
multifunctional crosslinker in place of organic chemical crosslinker [33]. These 
nanocomposite gels displayed extraordinary mechanical toughness compared to 
conventional PNIPAAm gels that were brittle and weak.  
 
Other means to enhance mechanical strength of PNIPAAm hydrogels included 
formation of interpenetrating hydrophobic network within PNIPAAm network [34] 
and copolymerization with more hydrophobic comonomer such as butyl methacrylate 
(BMA) [25].  
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2.2.3 Slow Deswelling/Swelling Response 
Use of PNIPAAm hydrogels as drug carriers allows drug release to be triggered by 
temperature. However, deswelling or reswelling of polymer matrix is a slow, 
diffusion-dominated process. As a result, response of gel to thermal cycling is 
relatively sluggish due to small pore sizes of conventional PNIPAAm hydrogel and 
formation of an impermeable “skin” layer on gel surface which retards water efflux. 
Many investigators tried to improve response of thermoresponsive gel to temperature 
changes by fabricating macroporous gel networks, adding pore forming agents and 
circumventing formation of impermeable “skin” layer as well as forming an expanded 
gel network structure among others. In the following sections, some examples of these 
means and methods to improve gels’ response to temperature will be described.  
 
Macroporous Gel Networks 
Fabrication of macroporous gel networks provides a means whereby deswelling of 
PNIPAAm gels can be accelerated. Macroporous gels are characterized by large pore 
sizes, high pore volumes and high specific surface areas. The interconnected pore 
structure allows absorption or desorption of swelling medium via convection, which is 
much faster than diffusion-dominated process in nonporous conventional PNIPAAm 
gels. Hence, macroporous PNIPAAm hydrogels have higher swelling ratios at 
temperatures below LCST and exhibit faster deswelling and swelling rates when 
compared to conventional PNIPAAm hydrogels. 
 
Thermally reversible PNIPAAm hydrogels, synthesized above LCST of polymer, were 
found to have macroporous structures [35] due to phase separation that occurred 
during gelation process. On the other hand, addition of silicone rubber (vinyl 
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terminated polydimethyl siloxane (VTPDMS)) during synthesis resulted in formation 
of macroporous, heterogeneous temperature/pH sensitive poly(NIPAAm-co-AAc) 
hydrogels [11, 14]. The macropores allowed encapsulated proteins to diffuse out of gel 
matrix easily without getting trapped between pores. Serizawa et al. [36] reported that 
pore structures of PNIPAAm gels could be controlled by using interpenetrated silica 
particles of diameters around 3 mm and extracting silica with acid after gel formation. 
 
Pore Forming Agents 
Polymers such as poly(ethylene glycol) [37, 38] had been added during gel 
polymerization to serve as pore forming agents. These pore forming agents provided 
spatial hindrance during polymerization, therefore a more porous gel structure was 
formed when compared to conventional PNIPAAm hydrogels. Pore-forming agents 
with LCST characteristics, such as hydroxylpropyl cellulose [34], served as nucleating 
seeds for growing PNIPAAm chains to be precipitate on when the gel synthesis was 
conducted above LCSTs of both polymers.  
 
Impermeable “Skin” Layer 
Formation of impermeable “skin” layer on gel surface once temperature is raised 
above LCST acts as a barrier to water efflux, thus, limiting the deswelling process. 
Poly(ethylene oxide) (PEO) chains were introduced as graft chains maintaining free 
mobile ends in thermoresponsive crosslinked PNIPAAm hydrogels by 
copolymerization [39]. At temperatures above LCST, hydrophilic PEO graft chains 
formed channels for water molecules within the skin layer while maintaining strong 
hydrophobic attraction between PNIPAAm backbone networks during deswelling. As 
a result, water was rapidly released from the gels.  
11 
BACKGROUND ON PREVIOUS WORK 
In addition, formation of collapsed skin layer can be suppressed by introduction of 
hydrophilic groups in PNIPAAm gel, for example, NIPAAm was copolymerized with 
a structurally similar monomer, 2-carboxyisopropylacrylamide (CIPAAM) [26]. The 
resultant gel was able to respond rapidly to a temperature change across LCST without 
losing thermosensitivity when higher percentage of comonomer was incorporated, as 
in the case of poly (NIPAAm-co-AAc) gels. 
 
Expanded Gel Network Structure 
Expanded network structure of PNIPAAm hydrogels can be obtained through use of 
mixed solvents [40, 41] or subjecting the gels to cold treatment (freezing gels at -20oC 
for one to ten days and thawing them at ambient temperature) [42]. In the former 
approach, gel polymerization in mixed solvents such as water/acetone [40] and 
water/tetrahydrofuran [41] led to occurrence of phase separation during synthesis 
thereby forming a heterogeneous and porous structure. Alteration of gel morphology 
during cold treatment [42] made use of water expansion during freezing to force the 
gel network chains further apart to give a more porous and net-like structure. As a 
consequence of formation of expanded network structures, temperature sensitivity and 
deswelling kinetics were improved.  
 
2.3 Controlled Release from PNIPAAm Gels 
2.3.1 Drug and Protein Delivery 
Stimuli responsive properties of PNIPAAm and its copolymeric hydrogels are highly 
attractive for the development of drug/protein delivery devices. In these devices, 
pulsed delivery of drugs can be achieved by releasing drugs in response to an external 
stimulus such as temperature. 
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2.3.2 Protein Loading Methods 
In order to encapsulate protein into PNIPAAm gels, methods like solvent sorption and 
incorporation during polymerization were used. However, existing protein loading 
methods employed for hydrogels are inappropriate as either loading capacity or 
biological activity of the bioactive protein is compromised. In the search for an 
efficient protein loading process, Shalaby et al. [43] investigated an approach to 
incorporate protein drugs into poly(acrylamide) hydrogels using electrophoresis, where 
an electrochemical gradient was utilized to transport proteins based on their charge. 
Loading by an electrochemical gradient was less time consuming and had the 
capability of incorporating large amounts of protein drugs into hydrogel network. 
 
2.3.3 Interactions of Proteins/Drugs with Gels 
When drugs or proteins are encapsulated into hydrogels, there is a possibility that drug 
or protein may interact with polymer matrix and result in changes in drug release 
properties. For example, amino acid, valine, was found to interact hydrophobically 
with PNIPAAm microgel while the binding mechanism of another amino acid, aspartic 
acid with gel was based on hydrogen bonding [16]. In addition, mixing HSA with 
PNIPAAm polymer yielded an intramolecular complex consisting of a polymer chain 
with several other HSA molecules [15]. Furthermore, loading efficiency of angiotensin 
II, insulin and cytochrome C in poly(NIPAAm-co-BMA-co-AAc) beads was 
predominantly governed by hydrophobic interactions, non specific and/or specific 
interactions between protein and polymer molecules [44].  
 
In another case, as a result of electrostatic interactions between positively charged 
dibucaine hydrochloride and negatively charged PNIPAAm gel, time taken to reach 
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maximum drug release from dried PNIPAAm gel disks was longest when compared to 
anionic and nonionic drugs. Consequently, due to repulsive forces between anionic 
drug, sodium benzoate, and the gel, lag time before maximum drug release was 
shortest [45].  
 
2.4 Applications of PNIPAAm Gels 
2.4.1 Drug Delivery Devices 
Stimuli responsive properties of PNIPAAm and its copolymers are highly attractive for 
the development of drug delivery devices. Crosslinked PNIPAAm had been made into 
composite gels for photothermal protein delivery [46], utilized as a temperature 
sensitive valve [7], or as heat responsive drug pump within capsule [47].  In these 
devices, pulsed delivery of drugs can be achieved, releasing drugs in response to an 
external stimulus such as temperature. 
 
 Photothermal Drug Delivery Device 
Gold/gold sulfide nanoshells were incorporated into PNIPAAm hydrogels to initiate a 
temperature change with light [46]. The nanoshells were designed to absorb near infra 
red (IR) light (wavelength between 800 and 1200nm) and convert it into heat within 
gel matrix in order to alter the rate of drug delivery. It was found that IR rays could be 
transmitted through tissue with relatively little attenuation. Release of methylene blue 
dye and model proteins, ovalbumin and BSA, was caused by gel collapse due to 
irradiation. This gel system was also able to achieve pulsed drug delivery when 
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Valve-like Drug Delivery Device 
Dinarvand et al. [7] developed a valve-like thermosensitive drug delivery device (see 
Figure 2.2) where significant release of molecules occurred above gel’s LCST and 
negligible release below LCST. In this device, PNIPAAm/AAm hydrogels functioned 
as valves with “open” state above LCST as gel collapsed and increased free space 
within device. The “close” state of valve was below LCST, where the gel filled device 
volume and obstructed release of device contents. This valve based delivery device can 
be applied in situations where drug release is required in response to either an 
endogenous temperature increase or an externally applied temperature increase. For 
example, in cancer treatment, a miniature version of the device containing a 
chemotherapeutic agent may be implanted at tumour site where drug release will be 
triggered with a slightly elevated temperature.  
 
                                     
Figure 2.2 Schematic diagram of thermoresponsive valve-based delivery device with 
two valves [7]. 
 
Stimuli Responsive Gel-Filled Capsule 
Temperature sensitive poly(NIPAAm-co-AAc) hydrogels containing the drug, 
acetaminophen, were loaded into a rigid capsule with two release holes (Figure 2.3) 
[47]. Presence of hydrophilic copolymer acrylic acid prevented “skin” formation on 
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gel surface above LCST, and resulted in fast reswelling/deswelling kinetics. At 
temperatures below phase transition temperature, encapsulated gel inside the capsule 
was swollen and releasing holes were plugged. Upon effect of stimulus, the gel began 
to shrink and opened releasing holes in the process, thus, mechanically squeezing some 
of drug solution from gel matrix into the capsule. The expelled drug was then free to 
diffuse out of the device through releasing holes. 
 
 
Figure 2.3 Temperature sensitive gel filled capsule [47]. 
 
2.4.2 Enzyme Immobilization 
The enzyme, asparaginase, was immobilized into poly(NIPAAm-co-AAm) hydrogels 
so that enzyme activity was “shut off” above LCST and “turned on” below LCST [11]. 
Another group of researchers came up with an alternative way to modulate enzyme 
activity using PNIPAAm polymer as a thermosensitive spacer between enzyme 
molecule, trypsin and polystyrene particles [18]. Enzyme conjugated PNIPAAm 
polymer “hairs” displayed a higher LCST value than PNIPAAm polymer chains. By 
exposing particles in temperature range between LCST of PNIPAAm and enzyme 
conjugated PNIPAAm polymers, substrate was able to reach the enzyme and increased 
the apparent enzymatic activity. This was because at this temperature range, 
accessibility to substrate for the enzyme conjugated PNIPAAm hairs was greatly 
enhanced as the PNIPAAm polymer chains shrank (Figure 2.4).  
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Figure 2.4 Surface states of polystyrene particles with thermosensitive hairs at 
different temperatures [18] 
 
2.4.3 Tissue Engineering 
A grafted layer of PNIPAAm hydrogel with thickness of several nanometers onto 
tissue culture dishes allowed detachment of cultured cells upon temperature change 
from physiological to room temperature without damaging the cells. In addition, this 
polymer matrix could also be used to entrap biomolecules such as growth factors to be 
released by diffusion in cell cultures [10]. The possibility of using loosely crosslinked 
PNIPAAm hydrogels as injectable polymer scaffolds for support tissue formation was 
also explored [9]. These hydrogels were extremely pliable and fluid-like at room 
temperature but demonstrated phase transition as the matrix was warmed from room to 
body temperature, yielding rigid structures.  
 
2.5 Semi-IPNs 
In the second part of this project, PNIPAAm hydrogels were modified by 
incorporating PVA polymer chains during gel synthesis in order to obtain semi-IPNs. 
Semi-IPNs of PNIPAAm hydrogels had been fabricated using various interpenetrating 
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polymers with different characteristics, such as biodegradable chitosan [48], 
hydrophilic PAAm, PAAc, PEO, and PVA [49]. The resultant semi-IPNs formed had 
different characteristics depending on interpenetrating polymer used, and in many 
cases, with improved properties such as mechanical strength and deswelling/swelling 
kinetics. Addition of chitosan to PNIPAAm gel network had made network structure 
denser and more hydrophobic, with a slight decrease in swelling ratio and increase in 
gel porosity, when compared to conventional PNIPAAm gels [48]. Conversely, 
interpenetrating linear hydrophilic polymers such as PAAc, PAAm, PEO and PVA 
interacted with PNPAAm gel network through hydrogen bonding, leading to a shift in 
LCST [49]. This was attributed to formation of intermolecular interactions that 
protected PNIPAAm from exposure to water, resulting in a significant contribution to 
LCST, thereby decreasing the phase transition temperature.  
 
When PNIPAAm polymers were interpenetrated within PAAm network to form semi-
IPN, mechanical properties were greatly improved as compared to conventional PAAm 
hydrogel [50]. Presence of PNIPAAm chains in gel network increased polymer volume 
fraction of the gel, adding on to apparent physical crosslinking at temperatures below 
LCST of PNIPAAm. Above LCST, polymer chains contributed to apparent 
crosslinking of network without large shrinking of gels observed, as the collapsed 
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Figure 2.5 Pictorial representation of structural support of collapsed PNIPAAm chains 
by PAAm networks swollen in water [50] 
 
Ju HK et al. [51, 52] modified PNIPAAm by addition of amino (NH2) group to form 
PNIPAAm-NH2. The amino groups on PNIPAAm formed polyelectrolyte complexes 
with carboxylic groups of alginate, with unreacted carboxylic groups of alginate 
crosslinked with divalent calcium ions forming an alginate network (Figure 2.6). These 
gels exhibited a reasonable sensitivity to temperature, pH and ionic strength of 
swelling medium. 
 
Figure 2.6 Schematic illustration of structures for alginate/PNIPAAm-NH2 semi-IPN 
hydrogel [51] 
 
Linear poly (acrylic acid) polymer chains interpenetrated in networks of PNIPAAm 
and poly (NIPAAm-co-AAc) hydrogels were developed to function as injectable 
polymeric scaffolds for tissue engineering [9]. Phase transition behaviour of 
PNIPAAm, where significant increase in rigidity was experienced as gels were heated 
from 22oC to body temperature, allowing the gels to be used as injectable cell scaffold. 
Linear interpenetrating poly(AAc) polymer chains provided COO- groups to be 
functionalized with relevant biomolecules to promote specific biological interactions 
for cell seeding. 
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Hydrogels are hydrophilic polymer networks that may absorb large amounts of water: 
from 10-20 % up to thousands of times their dry weight [1]. Their three-dimensional 
structure is often described as a mesh, with spaces between polymer chains filled with 
water [53]. There are numerous applications of hydrogels, particularly in medical and 
pharmaceutical sectors [54], as hydrogels resemble natural living tissues more than any 
other class of synthetic biomaterials.  
 
Hydrogels can be chemically stable or they may degrade, eventually disintegrate and 
dissolve. The latter type are known as “reversible” or physical gels when the networks 
are held together by molecular entanglements and/or secondary forces including ionic, 
H-bonding or hydrophobic forces [1].  
 
Permanent or chemical hydrogels are formed when they are covalently crosslinked. 
These types of hydrogels may be generated by crosslinking of water soluble polymers 
or by conversion of hydrophobic polymers to hydrophilic polymers first then crosslink 
to form a network. PNIPAAm hydrogels fabricated in this project belong to this 
category (Figure 3.1). In crosslinked state, hydrogels reach an equilibrium swelling 
level in aqueous solutions, which depends mainly on crosslink density. Chemical 
hydrogels are not homogeneous. They contain regions with low water swelling and 
high crosslink density called “clusters”, that are dispersed within regions of high 
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swelling and low crosslink density. This may be due to the hydrophobic aggregation of 
crosslinking agents, leading to high crosslink density clusters.  
 
Monomer +  Crosslinker Hydrogel Network 
+         Water Soluble  
                Polymer Semi- Interpenetrating 
Network 
Figure 3.1 Schematic representation of methods for formation of crosslinked 
PNIPAAm hydrogel by free radical polymerization as well as semi-interpenetrating 




In this project, semi-IPNs were also fabricated by incorporating linear PVA chains 
during PNIPAAm gel synthesis. Semi-IPN has been defined as polymer comprising of 
one or more networks and one or more linear or branched polymer(s) characterized by 
penetration on a molecular scale of at least one of the networks by at least some of the 
linear or branched macromolecules [55]. It is also mentioned that semi-IPNs are 
distinguished from IPNs because the constituent linear or branched polymers can, in 
principle, be separated from the polymer network(s) without breaking any chemical 
bonds; they are polymer blends. In short, semi-IPNs can be simply defined as 
crosslinked polymeric network that are interpenetrated by linear or branched polymer 
chains (see Figure 3.1).  
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As polymer blends are formed, semi-IPNs offer the possibility of obtaining materials 
with combined properties of components. In addition, specific topological network 
structures of semi-IPNs with small domains of phase separated material create an 
attractive subject of research.  
 
3.3 Polymers Used in Hydrogel Synthesis 
The polymers used in this project were PNIPAAm and PVA. In the following sections, 




Figure 3.2 Chemical structure of monomer NIPAAm [56] 
 
 
PNIPAAm is one of most extensively studied stimuli sensitive polymers because of its 
well-defined LCST at around 32oC in water [2]. The polymer has a simple structure 
(Figure 3.2) with hydrophobic backbone, which carries a strong hydrophilic amide 
group (-CONH2-) substituted with a hydrophobic isopropyl group.  
 
Unlike PAAm or PEO that have LCST values near or above boiling point of water, 
LCST of PNIPAAm is close to physiological temperature which makes it a very 
attractive candidate in the field of controlled drug delivery [57]. Although poly (N-
alkylacrylamides) and other polymers also possess LCST, PNIPAAm is unique with 
respect to the sharpness of its almost discontinuous transition [12]. On top of it all, 
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LCST of PNIPAAm can easily be modified by copolymerization with a more 
hydrophilic or hydrophobic monomer [17] or addition of salts or surfactants to aqueous 
polymer solutions [57].  
 
PNIPAAm polymer solution turns cloudy above LCST due to formation of insoluble 
aggregates by hydrophobic groups in polymer chains. The polymer chains experience 
reversible temperature induced collapse from perturbed coil into globule structure 
known as coil-to-globule transition.  
 
Similarly, crosslinked PNIPAAm hydrogels show volume phase transition at LCST 
and collapse abruptly as temperature is raised above LCST. During phase transition, 
hydrogel expels large amounts of water from its matrix and generally becomes stiff 
and opaque. Nevertheless, this behaviour is reversible and PNIPAAm hydrogel will 
reswell in water once temperature is decreased below LCST but at a slower rate 
compared to deswelling.  Further details on temperature sensitive PNIPAAm gels will 








PVA is a water soluble polymer that has a pendant hydroxyl group (Figure 3.3). It 
holds promise as a biomaterial as it is non-toxic, hydrophilic and exhibits good 
mucoadhesive properties. Furthermore, not only does PVA have excellent chemical 
resistance and physical properties, it is also completely biodegradable [59].  
 
The monomer, vinyl alcohol does not exist in a stable form as it tends to convert 
spontaneously to the enol form of acetaldehyde [59]. As a result of this, PVA is 
produced by hydrolysis of poly(vinyl acetate), which is obtained from polymerization 
of vinylacetate monomer. Different grades of PVA are produced with varying degrees 
of hydrolyzation, ranging from partially to fully hydrolyzed [60]. Partially hydrolyzed 
grades contain residual acetate groups and are regarded as copolymers of poly(vinyl 
acetate) and PVA while fully hydrolyzed grades are considered as homopolymer.  
 
3.4 Characterization of Hydrogels 
Physical parameters determine to a large extent hydrogel properties that are important 
in drug delivery systems. The properties discussed here are water structure and 
swelling. 
 
3.4.1 The Structure of Water in Hydrogels 
Water is a major constituent of hydrogels, thus, it is crucial to determine the character 
of water in hydrogels for determination of solute transport behaviour in separation 
processes, and elucidation of membrane permeability mechanism. Water in hydrogels 




Water molecules that is absorbed by dried hydrogel will first hydrate the most polar 
and hydrophilic groups. As polar groups are hydrated, the network swells and exposes 
hydrophobic groups, which interact with water molecules leading to hydrophobically 
bound water. The above-mentioned two forms, hydrophobic bound water as well as 
water that hydrates hydrophilic groups, are grouped under the category of “bound 
water”. After polar and hydrophobic groups have interacted with and bound water 
molecules, the network will continue to absorb additional water. This additional water 
that is imbibed by the gel fills up the space between network chains and centre of 
larger pores. This category of water is known as “free” or “bulk” water. 
 
Three major methods that are used for characterization of water in hydrogels are based 
on the use of small molecular probes, differential scanning calorimetry (DSC), and 
nuclear magnetic resonance spectroscopy (NMR) [1].  
 
For molecular probe method, the hydrogel is first equilibrated with labelled probe 
solution, and concentration of probe molecule in gel at equilibrium is measured. 
Assuming that only free water in gel can dissolve probe solute, one can calculate free 
water content from amount of imbibed probe molecule and known (measured) probe 
molecule concentration in the external solution. Bound water content is then obtained 
by the difference between measured total water content of hydrogel and calculated free 
water content.  
 
Additional assumptions for use of this technique include the following.   
(a) Solute does not affect free and bound water distribution in the gel. 
(b) All of free water in gel is accessible to the solute. 
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(c) Solute concentration in hydrogel’s free water is equal to solute concentration in 
external solution. 
(d) Solute does not interact with gel matrix chains.  
 
The state of water in hydrogels can also be characterized using DSC based on 
assumption that only free water may be frozen. Thus, the endotherm measured when 
warming frozen gel represents melting of free water, and that value is related to 
amount of free water in gel sample.  
 
3.4.2 Swelling Characteristics 
Swelling behaviour of hydrogels can be affected by the crosslinking ratio. Highly 
crosslinked hydrogels have a tighter structure and thus, swell to lesser degree when 
compared to hydrogels with lower crosslinking ratios. This is due to the fact that 
crosslinking hinders mobility of polymer chains. 
 
Swelling ratio is also affected by chemical structure of polymer. Hydrogels containing 
hydrophilic groups can swell to a higher degree than those with hydrophobic groups. 
This is because hydrophobic groups have a tendency to collapse in presence of water 
in order to minimize their exposure to water.  
 
Swelling of environmentally sensitive hydrogels are affected by specific stimuli. In 
this case, swelling of PNIPAAm hydrogels are triggered by changes in temperature of 





Mechanisms of Swelling 
In the process of swelling a gel from its dry state (Figure 3.4), the following three steps 
are proposed to occur in succession [61]. 
 
Step 1: Diffusion of water molecules into the polymer network. 
Step 2: Relaxation of polymer chains with hydration. 
Step 3: Expansion of the polymer network into the surrounding bulk water medium 
upon relaxation.  
 
The rate-determining step (which can be any one of three steps) can affect swelling 
behaviour. Transport mechanism for solvent penetration into gels can be classified as 












Core Polymer Gel (Glassy State) 
 
Figure 3.4 Water uptake process for polymeric gels from an initially glassy dry state 
 
When there is no structural change of polymeric network throughout entire process or 
relaxation of polymeric chains does not occur through the whole process, step 1 is the 
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dominant step.  Thus, solvent uptake behaviour through Fickian diffusion can be 
described by following equation (for gel slab): 
 
























for                  (3.1) 
 
WH2O (t) is weight of water in gel at time t, WH2O (∞) is total amount of water absorbed 
by gel at equilibrium state, D is diffusivity of water in polymer, and l is gel thickness.  
 
This equation demonstrates that total amount of solvent uptake by diffusion increases 
in proportion to square root of time at early stages of swelling. 
 
When relaxation process becomes rate-determining step, solvent diffusion rate is much 
faster than relaxation rate (Step 2). When this happens, a clear interface between 
completely swollen gel region at surface and internal glassy polymer core will be 
observed. This interface moves into the slab interior as solvent uptake proceeds (Figure 
3.5). Thus, the solvent absorption rate for slab can be expressed by: 
 












         (3.2) 
 
WH2O(t) and WH2O(∞) are as defined above, ko is Case II relaxation constant, Co is 
equilibrium concentration of solvent in a polymer, l is gel thickness.  
 
It can be seen that amount of absorbed solvent is proportional to time for Case II 














Finally, when gel expansion dominates, swelling kinetics is governed by collective 
diffusion.   
 
3.5 Controlled Release from Hydrogels 
3.5.1 Stimuli Responsive Gel-Based Drug Delivery Systems 
Controlled release devices are able to maintain the drug in desired therapeutic range 
with just a single dose, but avoid toxic effects of high drug concentration as well as 
lack of drug efficacy in case of low concentration. However, there are a number of 
clinical situations where constant-rate drug delivery may not be sufficient, such as 
insulin delivery for patients with diabetes mellitus and birth control [62]. Many vital 
body functions are regulated by pulsed or transient release of bioactive substances at a 
specific site and time. For instance in the case of insulin hormone, a baseline release is 
combined with pulsed one-shot type release within a short time range. Therefore, for 
this example, it is advantageous to optimize drug delivery patterns with pulsed or self-
regulated delivery that can be adjusted to biological rhythms to obtain best results from 
the therapy.  
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Environmentally responsive hydrogels have the ability to show drastic changes in their 
swelling ratio due to changes in their external pH, temperature, ionic strength, nature 
and composition of swelling agent, enzymatic or chemical reaction, and electrical or 
magnetic stimulus (see Figure 3.6). As a result of their environmental responsive 
properties, these gels have a wide range of applications as separation membranes, 
biosensors, artificial muscles, chemical valves and drug delivery devices. 
 
 
Figure 3.6 Diagram showing drug delivery from environmentally sensitive release 
systems for both matrix and reservoir devices [63]. 
 
An interesting characteristic about responsive gels is that the mechanism causing 
network structural changes can be entirely reversible in nature. This type of behaviour 
may allow materials to serve as self-regulating pulsatile drug delivery systems.  
 
A brief description of working principles of some common stimuli responsive 




pH sensitive Hydrogels 
Hydrogels with pH-dependent swelling behaviour are usually ionic networks which 
contain either acidic or basic pendant groups [54]. In aqueous media of appropriate pH 
and ionic strength, the pendant groups can ionize and develop fixed charges on the gel. 
As a consequence of electrostatic repulsions, uptake of solvent in network is increased. 
 
Anionic gels are swollen polymer networks containing pendant groups, such as 
carboxylic or sulfonic acid. In these gels, ionization occurs when environmental pH is 
above pKa of ionizable group. Therefore, as degree of ionization increases, number of 
fixed charges increases, resulting in greater electrostatic repulsions between chains. 
This, in turn, results in greater network hydrophilicity, and higher swelling ratios.  
 
Conversely, cationic materials contain pendant groups such as amines. These groups 
can ionize in media which are at a pH below pKa of ionizable species. Thus, in a low 
pH environment, ionization increases, causing greater electrostatic repulsions. The 
hydrogels becomes increasingly hydrophilic, and hence, swells to a greater extent. 
 
Magnetically Responsive Systems 
Magnetically responsive systems [64] consist of polymeric or copolymeric matrices 
containing magnetic microbeads. The system is designed such that no drug release can 
occur when no magnetic field is applied. However, when a magnetic field is applied, 
the microbeads pulsate allowing for formation of micropores. Additionally, pulsation 
of beads “squeezes” the drug out of gel through these pores. Therefore, when the field 




Glucose Responsive Systems 
Glucose responsive system is made up of immobilized glucose oxidase in a pH-
responsive polymeric hydrogel. As glucose diffuses into the hydrogel, it is converted 
to gluconic acid by catalytic action of glucose oxidase. Consequently, the pH of 
membrane’s microenvironment is lowered and this causes the gel to swell, and allow 
insulin to permeate into these hydrogels [62, 64]. In other words, insulin permeation 
into gels can be controlled by this glucose responsive behaviour just by adjusting 
environmental glucose concentration.  
 
Temperature Responsive Hydrogels 
Thermosensitive hydrogels can be classified as positive or negative temperature-
sensitive systems [54]. A positive temperature responsive hydrogel has upper critical 
solution temperature (UCST), contracting upon cooling below UCST. Negative 
temperature sensitive hydrogels have a LCST, shrinking when heated above LCST. 
There are two mechanisms by which these temperature sensitive polymer matrices 
release drug: squeezing loaded drug out by deswelling and on-off release by rigid skin 
formation on surface resulting from rapid surface deswelling of gel. Changes in 
temperature that will trigger drug delivery from thermoresponsive hydrogels can either 
be due to increased body temperature in diseased state, or modulated external 
temperature [12].  
 
Temperature Dependent Phase Transition 
It has been suggested that LCST behaviour of PNIPAAm is caused by critical 
hydrophilic/hydrophobic balance of polymer side groups [17]. For PNIPAAm, amide 
(CONH2) groups are hydrophilic and isopropyl (CH (CH3)2) groups are hydrophobic. 
32 
THEORETICAL DEVELOPMENTS 
While amide group prefers to be in water due to its strong hydrogen bonding capacity 
with water molecules, isopropyl group tends to pull away from water molecules.  
 
At low temperatures, strong hydrogen bonding exists between hydrophilic groups and 
water. Water molecules order around apolar isopropyl group to form a cage-like 
structure through hydrophobic hydration. Below LCST, strong hydrogen bonding 
between hydrophilic groups and water outweighs unfavourable free energy related to 
exposure of hydrophobic groups to water, leading to good polymer solubility in water.  
 
With increasing temperatures, hydrogen bonding weakens while hydrophobic 
interactions between hydrophobic side groups increase. At temperatures above LCST, 
interactions between hydrophobic groups become dominant, leading to entropy driven 
polymer collapse and phase separation. Due to these thermodynamic constraints, 
PNIPAAm alternates between compact globule and random coil conformations above 
and below phase transition temperature.  
 
The LCST values of PNIPAAm polymer solution can be determined by the following 
two methods. 
1) Thermal analysis by differential scanning calorimeter. 
2) Photometric method using spectrophotometer. 
 
First technique allows evaluation of heat necessary to break hydrogen bonds between 
water and polymer. Polymer’s LCST is obtained from temperature at maxima of DSC 
endotherm [17] (Figure 3.7).  Latter method involves using transmittance 
measurements (Figure 3.8) to visualize clouding of solution caused by precipitation of 
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polymer when phase transition occurs. Cloud point is temperature at inflexion point of 























Figure 3.7 Typical DSC thermogram of PNIPAAm hydrogels in deionized water. 





Figure 3.8 Transmittance of a 1.4 % (w/v) PNIPAAm aqueous solution at 500 nm. 
From 28oC to 36°C by 0.1°C steps [57]. 
 
 
Deswelling Process of Thermoresponsive Gels 
 
As soon as gel comes into contact with media that is above LCST, a temperature 
gradient is created across gel. The outermost gel surface that is exposed to warm water 
will shrink faster than gel’s interior to form a dense, impermeable “skin” layer. This 
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“skin” layer is dense enough to retard efflux of water from gel interior and interrupt 
shrinking process for some time, leading to a build-up of hydrostatic pressure inside 
the gel. After this period, bubbles will be formed on gel surface due to accumulation of 
internal hydrostatic pressure within gel, breaking the continuity of “skin” layer. Water 
is then released through these bubbles and subsequently, gels will shrink very slowly. 
The entire gel shrinking process is illustrated by Figure 3.9.  
 
T<LCST 
As T raised to T>LCST 
Impermeable “skin” 
layer forms Water 
Water 
Water 
Gel is fully shrunken 
Water 
Figure 3.9 Gel shrinking process as the temperature (T) is raised above LCST. 
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Protein Delivery from Thermoresponsive Hydrogels 
Temperature responsive hydrogels can be used to deliver proteins in at least four 
different ways [65] as shown in Figure 3.10.  
1. Release from a swollen gel at T < LCST  
2. Release from swollen gel at T > LCST 
3. Release from dry or desolvated gel at T < LCST  
4. Release from dry or desolvated gel at T > LCST 
 
In the first process, encapsulated protein is released by Fickian diffusion. The gel may 
deswell slightly when initial gel temperature is lower than release temperature, but this 
deswelling is minor compared to deswelling that occurs above LCST.  
 
When the swollen gel is placed into medium above LCST, encapsulated protein 
together with its aqueous solvent is rapidly released as it collapses. As gel surface 
shrinks faster than entire matrix due to temperature gradient created, there will be a 
burst of surface encapsulated protein accompanying formation of skin layer. This skin 
layer results in build-up of hydrostatic pressure, which will gradually “squeeze” out 
swelling fluid containing the protein as the shrinking interface moves rapidly into gel’s 
interior. 
 
When a dried gel is placed in contact with release medium below LCST, protein is 




Dried gel is placed into release medium above LCST for fourth process. Under these 
conditions, gel is unable to swell or shrink significantly and protein is released via 





















Bovine Serum Albumin (BSA) 
BSA is one of most widely studied proteins and a principal component of blood. As 
the most abundant protein in circulatory system and with typical blood concentrations 
of 5 g/100 ml, albumin contributes to 80% of colloid osmotic blood pressure, and is 
chiefly responsible for maintenance of blood pH [66]. Due to its function as a 
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multifunctional transport protein, it has ability to bind reversibly to a number of 
ligands. In addition, BSA is also principal carrier of fatty acids that are otherwise 
insoluble in circulating plasma. Furthermore, it performs many other functions such as 
sequestering oxygen free radicals and inactivating various toxic lipophilic metabolites 
such as bilirubin.  
 
Albumins are characterized by a low content of tryptophan and methionine and a high 
content of cysteine and charged amino acids, aspartic acid, glutamic acid, lysine and 
arginine [66]. Typically, BSA has a molecular weight of around 66 000 and its primary 
structure comprises of 607 amino acids (see Table 3.1). The entire BSA molecule is 
made up of three homologous domains (I, II, III), which are divided into nine loops by 
17 disulphide bonds (Figure 3.11). Albumin molecule is not uniformly charged within 
its primary structure. At neutral pH, it was calculated that BSA had a net charge of -10, 
-8 and 0 for domains I, II and III [67]. It has an isoelectric point at pH 4.7 where net 
charge of the protein molecule is zero. 
Table 3.1 Amino acid composition of BSA 
Ala    48 Cys    35 Asp    41 Glu    58 
Phe    30 Gly    17 His    16 Ile    15 
Lys    60 Leu    65 Met    5 Asn    14 
Pro    28 Gln    21 Arg    26 Ser    32 
Thr    34 Val    38 Trp    3 Tyr    21 
Ala = alanine; Arg = arginine; Asn=asparagine; Asp = aspartic acids; Cys = cysteine; 
Glu = glutamic acids; Gln = glutamine; Gly = glycine; His = histidine; lleu = 
isoleucine; Leu = leucine; Lys = lysine; Met = methionine; Phe = phenylalanine; Pro = 





Figure 3.11 Classical perception of structure of serum albumin [66] 
 
Insulin 
Insulin hormone is produced and secreted by beta cells of Islets of Langerhans of the 
pancreas to regulate use and storage of glucose. Insulin controls blood glucose level by 
suppressing its production by liver and by directing it towards muscle and adipose 
tissue where it is converted into complex carbohydrates, proteins and fats to be stored.  
 
The secretion of insulin is pulsatile, comprising of stimulated and basal phase. 
Stimulated phase will occur within a few minutes before until 15-30 minutes after a 
meal is ingested and decline rapidly to basal phase within 2 to 3 hours. The sudden 
surge in insulin level is to dispose glucose and other nutrients into peripheral tissues. 
Basal phase occurs between meals and through the night. It restrains but does not 
inhibit glucose production to ensure adequate glucose for cerebral metabolism. 
 
Insulin is a small, simple protein with molecular weight around 5 600 consisting of 51 
amino acids arranged in two linked polypeptide chains. Chain A has 21 amino acids 
and chain B has 30 amino acids where two chains are linked together by two 
disulphide bonds at position A7-B7 and A20-B19. In addition, there is another intra-
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molecular disulphide bond at position A6-A11. Amino acid sequence of human insulin 
is shown in Figure 3.12. 
 
 
Figure 3.12 Structure of human insulin [68] 
(Ala = alanine; Arg = arginine; Asp = aspartic acids; Cys = cysteine; Glu = glutamic 
acids; Gly = glycine; His = histidine; lleu = isoleucine; Leu = leucine; Lys = lysine; 
Phe = phenylalanine; Ser = serine; Thr = threonine; Try = tryptophan; Tyr = tyrosine; 
and Val = valine.)  
 
Insulin from different species has variations in amino acids composition commonly at 
positions 8, 9 and 10 in A chain and position 30 in B chain (see Table 3.2). However, 
there is no change in structural and ligand binding properties as amino acids that are 
involved in binding are not affected by species to species variation.  
Isoelectric point (pI) of denatured insulin is at 5.3. At isoelectric point, protein 
molecule will not have any net charge. Apparent pI of insulin under native conditions 
while maintaining its three dimensional structure is at 5.3. On the whole, insulin 
monomer is a compact globular structure with hydrophobic core. Surface residues are 







Table 3.2 Differences in amino acids composition and position for insulin of different 
sources 
Insulin Source Differences in the amino acids composition and position 
Human A8- Threonine A10- Isoleucine B30- Threonine 
Bovine A8- Alanine A10- Valine B30- Alanine 
Porcine A8- Threonine A10- Isoleucine B30- Alanine 
 
Bicinchoninic Acid (BCA) Protein Assay 
BCA protein assay is based on the principle that proteins are able to reduce Cu (II) to 
Cu (I) in a concentration dependent manner [69]. BCA is capable of forming an intense 
purple complex with Cu (I) ion in an alkaline environment with maximum absorbance 
at 562nm. As a result, BCA is a sensitive, stable and highly specific reagent for Cu (I). 
Thus, this property has been utilized to monitor levels of substances that are able to 









N-isopropylacrylamide (NIPAAm; Tokyo Kasei Kogyo, Japan) was recrystallized 
from n-hexane. N, N’-methylenebisacrylamide (MBAAm), N, N, N’, N’-
tetramethylethylenediamine (TMEDA) and poly(vinyl alcohol) (PVA) of molecular 
weights 31 000- 50 000 (hydrolyzation degree of 87-89 %) were purchased from 
Aldrich Chemical. Ammonium persulphate (APS; Bio-Rad) and sodium dodecyl 
sulphate (SDS; BDH Laboratory Supplies) of molecular biology grade were used as 
received. Model proteins, bovine serum albumin (BSA) and human recombinant 
insulin were from Aldrich and Roche Diagnostics respectively. Reagents for 
bicinchoninic acid protein assay (bicinchoninic acid solution, BCA, and 4% copper (II) 
sulphate pentahydrate solution) were obtained from Sigma. All other chemicals used 
were of reagent grade.  
 
4.2 Gel Synthesis 
Polymerization of conventional PNIPAAm hydrogels was carried out in deionized 
water (DI water) at room temperature (22oC) for 6 hours using MBAAm as 
crosslinker, APS as initiator and TMEDA as accelerator. Semi-interpenetrating 
networks (semi-IPNs) of PVA and PNIPAAm were synthesized in a similar manner 
except that PVA was dissolved together with NIPAAm and MBAAm in DI water 
before addition of initiator and acclerator. The synthesis scheme of conventional 
PNIPAAm hydrogels was shown in Figure 4.1.  
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Crosslinking densities of conventional PNIPAAm hydrogels were varied from 3 to 10 
% (w/w) of MBAAm with respect to NIPAAm. Gels formed were then immersed in 
DI water at room temperature for two days, where water was changed periodically to 
remove unreacted materials. After this, gels were cut into slabs with dimensions 1 cm 
x 1 cm x 4 mm (length x width x height) for protein release as well as swelling 
experiments. Tables 4.1 and 4.2 show feed compositions of monomers and other 








Table 4.1 Constituent feed compositions for synthesis of conventional PNIPAAm 
hydrogels. 
 NG- 3 NG - 5 NG - 7 NG – 10 
NIPAAm (mg) 100 100 100 100 
MBAAm (mg) 3 5 7 10 
DI water (ml) 2 2 2 2 
APS (µl)a 25 25 25 25 
TMEDA (µl) 10 10 10 10 
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Table 4.2 Constituent feed compositions for synthesis of PVA/PNIPAAm semi-IPNs 
 SIPN 20* SIPN 40* SIPN 60* SIPN 80* SIPN 100* 
NIPAAm (mg) 100 100 100 100 100 
MBAAm (mg) 3 3 3 3 3 
DI water (ml) 2 2 2 2 2 
PVA (mg) 20 40 60 80 100 
APSa (µl) 25 25 25 25 25 
TMEDA (µl) 10 10 10 10 10 
* Number indicates PVA content of gel in milligrams. 
a Concentration of APS: 10% (w/v) in DI water 
 
4.3 Swelling Studies 
Equilibrium Swelling Ratio 
Equilibrium swelling ratios of gels were measured gravimetrically in temperature 
range from 22oC to 45oC. The experiments were conducted in triplicates. Before each 
measurement, gel slabs were incubated in DI water for at least 24 hours at a particular 
temperature until weight variation between readings was within ± 1 %. Weights of gels 
were recorded after blotting excess surface water using moistened Whatman #1 filter 






WW −=  Ratio Swelling  
          
(4.1) 
 
WT is weight of swollen hydrogel at particular temperature, T. 
Wd is dry weight of gel. 
Deswelling Kinetics 
In order to observe response of hydrogels to temperature increase across LCST, 
deswelling kinetics of hydrogels was determined gravimetrically after blotting excess 
surface water with moist filter paper. In deswelling kinetics measurements, gel slabs 
were allowed to swell to equilibrium in DI water at room temperature, after which 
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swollen gels were transferred into DI water at 50oC. At designated time intervals, 
weights of gels were recorded. The experiment was conducted in triplicates. Water 










×−=            (4.2) 
 
Wt is weight of gel at a particular time interval.  
Ws is weight of water in swollen gel at 22oC. 
Wd is as defined above. 
Reswelling Kinetics 
Reswelling kinetics of vacuum-dried gels in triplicates was measured by weighing gels 
at specific time intervals after they were immersed in deionized water at 22oC. Water 
uptake percentage was defined according to equation below: 
 









×−=      (4.3) 
 
Symbols Wt, Wd and Ws are as specified previously. 
 
To observe reversibility of gel’s response to changes in temperature, pulsatile swelling 
studies were conducted based on pulses in temperature above and below LCST. Gels 
were first equilibrated at 4oC in DI water for four days to simulate protein loading 
process. They were subsequently placed at 37oC for one hour and 22oC for the next 
hour during swelling experiments. After gentle blotting with moistened filter paper, 
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weight of the hydrogel was measured periodically throughout the experiment to follow 
its swelling behaviour. This experiment was conducted in triplicates. 
 
4.4 Scanning Electron Microscopy (SEM) 
Morphologies of freeze-dried gels were observed by SEM (JEOL JSM-5600). Samples 
for SEM observations were prepared by swelling the gels at room temperature for 48 
hours and freezing them in liquid nitrogen before lyophilizing for at least 24 hours. 
Specimens of dried gels were then mounted on brass studs and coated with a layer of 
gold before observation.  
 
4.5 Differential Scanning Calorimetry (DSC) 
LCST values of gels were obtained using DSC (TA Instruments 2920). Gel samples 
were first immersed in their respective media for at least 24 hours to reach equilibrium. 
For comparison of blank and protein-loaded gels, protein-loaded gels were incubated 
in either insulin or BSA solution while blank gels were incubated in DI water for four 
days. Gels after in vitro release were taken after 48 hours of release studies, while 
control gels were first immersed in DI water before they were transferred to phosphate 
buffered saline (PBS) to simulate protein loading and release process respectively. 
Thermal analyses were carried out with DI water as reference at a heating rate of 
3oC/min from 15oC to 55oC under a dry nitrogen atmosphere (40 ml/min). All 
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4.6 Equilibrium Water Content and State of Water in Hydrogels 
Before measurement of equilibrium water content of PNIPAAm gels in DI water or 
BSA solution, pre-weighed PNIPAAm dried gels were swollen to equilibrium in their 
respective solutions at 4oC for 4 days. After excess surface water was carefully blotted 
away by moist filter paper, samples were placed in DSC aluminium hermetic sample 
pans of known weight to obtain equilibrium hydrated weight. Equilibrium water 
content (EWC) was calculated using this equation. 
 









o ×−=EWC        (4.4) 
 
W4oC is weight of equilibrium hydrated gel at 4oC. 
Wd is dry weight of gel. 
 
After the pans were sealed, samples were cooled in liquid nitrogen for at least five 
minutes to ensure that samples were completely frozen before placing them in DSC. 
After this, frozen sample was cooled to -40oC before applying a heating ramp of 5oC/ 
min to 30oC, using empty sealed pan as reference cell under nitrogen flow.  
 
Amount of bound water in hydrogel was calculated from following equation assuming 
that heat of fusion of free water in hydrogel is the same as that of ice [70, 71]: 
 













       (4.5) 
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EWC is equilibrium water content (%). 
Wb (%) is amount of bound water. 
Wf (%) and Wfb (%) are amounts of free water and freezing bound water, respectively.  
Qendo (J/g) is heat of fusion of free water in hydrogel (obtained from area of 
endothermic peak at around 0oC and 10oC).  
Qf (J/g) is heat of fusion of pure DI water obtained by measuring areas under peaks 
produced by weighed samples of DI water using identical conditions. 
 
4.7 Protein Loading 
Before protein loading, gel slabs were dried at 48oC under vacuum until constant 
weight was achieved. Model proteins used in release experiments were BSA (MW 66 
430) and insulin (MW 5 600). Solvent sorption method was adopted to load proteins 
into polymeric gels. Dried gels were immersed in loading solution of protein in DI 
water at 4oC, and allowed to equilibrate for four days. A control loading solution was 
prepared using same volume of protein loading solution without any gel. Total protein 
loaded was determined by difference of mass of protein left in loading solution after 
loading and mass of protein present in control using high performance liquid 
chromatography (HPLC) analysis. Each experiment was carried out in triplicates. 
 
Theoretical protein loadings were calculated using following equation [24]: 
 





100C  % Drug Theo.
 (4.6) 
 
υ is defined as volume (ml) of protein solution absorbed per mg of dry gel during 
protein loading.  
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C is concentration of protein loading solution. 
The above equation was based on a few assumptions: 
1. All proteins were dissolved in water in the gel. 
2. Protein concentration in gel was equal to that of external protein loading 
solution. 
3. There was no protein interaction with polymer matrix. 
Experimental protein loading was obtained from equation below. 
 
            %100
 Gel of Dry WeightLoaded Drug of Mass
Loaded drug of Mass(%) Drug Exp. ×+=          (4.7) 
 
Mass of protein loaded was obtained from difference between absolute mass of protein 
in control loading solution (without any gel) and protein loading solution after loading.  
 
4.8 In Vitro  Protein Release 
In order to observe variables affecting protein release mechanisms from swollen gels, 
various formulation variables such as concentration of protein loading solution, 
crosslinker content, release temperature, protein molecular size were investigated. 
Swollen gel matrices loaded with protein were placed in 5 ml of PBS (pH 7.4) 
incubated at required temperature. Entire release medium was withdrawn at fixed time 
intervals and replaced with same volume of fresh buffer. Protein concentration in 






MATERIALS AND METHODS 
4.9 Pulsatile Protein Release 
Release temperature was cycled about LCST to create an additional driving force for 
protein release by convective forces due to deswelling and reswelling changes. 
Swollen gels after protein loading (initial protein solution concentration: 30 mg/ml) 
were used and temperature was varied between ambient temperature (22oC) and 37oC 
at end of each hour. During sampling, entire release medium of PBS (pH 7.4) was 
removed and replaced with fresh buffer at required temperature. Samples obtained 
were assayed by HPLC. Experiment was conducted in triplicates. 
 
4.10 Residual Protein Determination 
Two qualitative methods were utilized to verify presence of protein in gels after in 
vitro release: dyeing of gels by protein determination reagent, crushing gels to extract 
protein.  
 
Bicinchoninic acid (BCA protein determination reagent) was used as a dye to show 
presence of protein in the gel matrix [43]. Briefly, there were three samples of 
conventional NG-3 gels: control blank gel, gel after protein loading and gel after 
release study. The protein was first fixed in gel by soaking gel in fixing solution (Table 
4.3) for one hour. Fixing was necessary to immobilize protein in gel and to remove any 
non-protein components that might interfere with subsequent dyeing. After this, gels 
were subjected to two washings to remove fixing solution, 10 minutes in Wash 1 and 
an hour in Wash 2 (Table 4.3). Gels were then dyed in BCA reagent for 4 hours. As 
protein was able to change the colour of BCA reagent from apple green to purple, 
presence of protein in gel samples would be indicated by a colour change following 
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penetration of reagent into gel matrix. The intensity of purple would give a qualitative 
idea of quantity of BSA still present in gel. 
Table 4.3 Compositions of solutions involved in protein fixing process 
Composition of Solutions  
((v/v) %) Reagents 
Fixing Wash 1 Wash 2 
Methanol 50 50 - 
Acetic Acid 5 - - 
Ultra pure Water 45 50 100 
 
To extract unreleased protein from PNIPAAm hydrogels, samples after 48 hours of in 
vitro release were dried in oven under vacuum at 37oC for 24 hours. Dried gels were 
then crushed into fine powder using mortar and pestle and reconstituted in PBS or 8.2 
mM SDS in PBS for 24 hours at ambient temperature (22oC). SDS was reported to be 
able to dissociate non-covalently aggregated proteins, and minimize non specific 
adsorption of proteins onto polymeric matrices [72]. Amount of extracted proteins was 
determined using BCA protein assay. 
 
4.11 Protein Assay Methods 
Concentrations of BSA from loading and release experiments were analyzed by HPLC 
(Waters 2690XE) at 210 nm. Mobile phase was PBS, at pH 7.4. Zorbax GF-250 (4.6 
mm × 25 mm, Agilent) column was used as stationary phase. Isocratic elution was 
performed at a flow rate of 1 ml/min. 
 
Insulin concentrations were determined by HPLC at 201 nm. Mobile phases consisted 
of 0.1 % (v/v) trifluroacetic acid (TFA) in water and 0.1 % (v/v) TFA in acetonitrile at 
volume ratios of 3:1 and 17:8 respectively. Column used was Waters Symmetry 300 
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C4 column (3.9 mm × 15 cm) fitted with Symmetry 300 C4 guard column. Separation 
was performed under gradient mode. 
 
Residual proteins after in vitro release as well as proteins extracted by SDS/PBS 
solution were quantified using BCA method [69]. In short, 100 µl of liquid sample was 
mixed well with 2 ml of protein determination reagent (50 parts BCA and 1 part 
copper (II) sulphate solution) and kept at 37oC for 30 minutes. Sample obtained was 
then analyzed using UV-Vis spectrophotometer (Shimadzu UV-2501PC) at 562 nm. 
Unknown protein concentrations were determined from calibration curve plotted from 





   
 
CHAPTER 5 RESULTS AND DISCUSSION 
 
 
5.1 Conventional PNIPAAm Hydrogels 
5.1.1 Gel Morphology 
Cross-section scanning electron photomicrographs of PNIPAAm hydrogels are shown 
in Figure 5.1. Gel structures were dependent on amount of crosslinker added during 
synthesis. Use of lower crosslinker content resulted in a more porous structure 
compared to one with higher crosslinker content. Morphology differences affected 
protein loading and release properties, which would be discussed in the next few 
sections.  
  
 (A) (B) 
 
  
 (C) (D) 
 
Figure 5.1 Cross sectional scanning electron photomicrographs of freeze dried 
PNIPAAm hydrogels with different crosslinking levels. (1000x magnification) (A) 
NG-3, (B) NG-5, (C) NG-7, (D) NG-10 
   53 
RESULTS AND DISCUSSION 
5.1.2 Protein Loading 
Theoretical and experimental BSA loadings are shown in Table 5.1. In general, 
theoretical values were lower than actual values. Theoretical BSA loading was 
calculated based on assumption that protein-polymer interaction was absent. However, 
differences between theoretical and experimental values indicated that this assumption 
was not applicable because extent of protein interaction with gel matrix was 
significant.  
 
Table 5.1 Protein loading into temperature sensitive PNIPAAm hydrogels 
Protein Loading  
(%) Sample Code Specific Swelling Ratio
b 
(ml/mg x 100) Theoretical Experimental Difference* 
NG-3a 3.5 36.9 55.2 18.3 
NG-5a 3.2 34.8 42.1 7.3 
NG-7a 2.9 32.6 40.7 8.1 
NG-10a 2.7 31.1 32.2 1.2 
 
a Protein loading solution concentration: 16.7 mg/ml 
* Difference in percentage protein loading between theoretical and experimental levels 
 
5.1.3 Effect of Crosslinker Content 
Swelling characteristics of gels can be modified by manipulating amount of crosslinker 
in the feed mixture. From Table 5.2, mass of protein loaded per unit dry gel weight 
decreased for gels with higher crosslinker content. This was due to reduction in gels’ 
equilibrium swelling ratio in protein loading solution. Furthermore, increase in 
network density of gel matrix had reduced mesh size of free volume available between 
the network chains (Figure 5.1). Protein was loaded into hydrogels by solvent sorption 
method. Use of this protein loading method was dependent on relative size of proteins 
to gels’ pores. NG-3 gels with their larger pore size provided unrestricted access of 
protein molecules into the pore area for adsorption. On the other hand, gels with higher 
crosslinker content had smaller pores. Protein entry right into the pore area for 
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adsorption would be more restricted as there was greater steric hindrance to docking of 
the macromolecule. Therefore, protein adsorbed was much lower for gels such as NG-
10. It could be concluded that higher protein loading level in hydrogels with lower 
crosslinker contents was caused by greater swelling ratio and protein adsorption.  
 
Although there were significant differences in BSA loading levels between the 
hydrogels, disparity in amount of BSA released was not obvious. It was possible that 
released protein was the portion in aqueous medium within free volume of gel network 
while unreleased portion was the fraction adsorbed onto matrix. It could also be 
deduced that more BSA were adsorbed within the gel matrix from the low released 
protein percentage for NG-3 hydrogels.  
 
Table 5.2 BSA released from PNIPAAm hydrogels with different crosslinker contents. 
(Protein loading solution: 16.7 mg/ml) 
Sample Code Mass protein loaded (mg/mg dry gel) 
Amt protein released 
(mg/mg dry gel) 
Cumulative BSA 
released (%)a 
NG-3 1.23 0.50 39.8 
NG-5 0.72 0.46 63.3 
NG-7 0.69 0.45 65.2 
NG-10 0.47 0.41 87.3 
 
a After 48 hours in vitro release. 
 
 
5.1.4 Effect of Loading Solution Concentration 
An important aspect in use of hydrogels as protein delivery device is that varying 
doses of protein can be encapsulated in gels. Therefore, it is crucial to examine effect 
of protein loading on release mechanism. It can be seen from Table 5.3 that larger 
amounts of protein were encapsulated within gel matrices when loading solutions with 
higher protein concentrations were used. 
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Drawing attention to theoretical and experimental loading levels (Table 5.3), it was 
observed that there were greater discrepancies between theoretical and experimental 
values as protein loading solution became more concentrated. These differences might 
be attributed to presence of interactions between BSA and polymer network. In 
addition, larger portions of loaded protein were adsorbed onto the matrix with higher 
protein loading. 
 
A study conducted on complexation of HSA with PNIPAAm polymer [15] revealed 
that number of bound protein molecules per polymer chain decreased with increasing 
molar ratio of PNIPAAm to HSA. Hence, it could be deduced that with lower 
availability of protein molecules in a polymer gel sample (lower protein loading 
solution concentration), extent of interactions between protein and gel was much 
lower. Thus, protein-gel interactions should be much stronger with presence of more 
protein molecules, leading to a reduction in percentage of protein released.  
 
Furthermore, BSA is a large protein molecule, which can be analogous to polymer 
chain. Therefore, when protein molecules interacted with polymer network, physical 
crosslinks might be formed in the process, hindering diffusion of free protein 
molecules out of gel matrix. 
 
On the other hand, it was well documented that BSA could form disulfide-linked 
covalent aggregates, producing large insoluble dimers in solution [72, 73]. At 
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Table 5.3 Effect of protein concentration of loading solution on cumulative percentage 
of BSA released and protein loading. 
Drug Loading 














Theoretical Experimental Difference 
10.0 57.4 4.1 29.1 38.4 9.3 
16.7 39.8 3.6 36.9 55.2 18.3 
30.0 19.2 4.0 40.0 82.8 42.8 
 
a cumulative percentage of BSA released taken after 48 hours of release studies. 
 
The effect of protein loading on release profiles is shown in Figure 5.2. As efflux of 
protein was mainly through diffusion, an increase in amount of encapsulated proteins 
within gel matrix would be expected to elevate total protein released. This was because 
diffusional driving force of concentration gradient was enhanced with higher amount 
of encapsulated protein, thus, leading to larger quantity released. Consequently, it 
could be concluded here that protein release rate was related to the concentration of 




































Figure 5.2 Effect of BSA loading solution concentration on protein release from  
NG-3 gels at 22oC. 
 
5.1.5 Effect of Release Temperatures 
Figure 5.3 shows release profiles of BSA from PNIPAAm gels with 3 % (w/w) 
crosslinker content at temperatures above and below LCST. It could be seen that 
overall protein release rate of PNIPAAm gel was highest at 37oC followed by 22oC 
and 4oC.  
 
When gel came into contact with PBS above LCST, a temperature gradient was 
generated across the polymeric matrix. This resulted in the collapse of gel surface 
faster than entire matrix, forming a dense polymeric “skin” layer. This “skin” layer 
hindered outward diffusion of protein and solvent, causing a buildup of hydrostatic 
pressure within gel mass. This pressure would eventually “squeeze” out the loaded 
protein as time passes. Figure 5.3 shows that at 37oC, there are two regions of release: 
a fast initial release followed by slower release. In the first 2 hours, there was a burst 
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release of surface encapsulated BSA accompanying formation of a dense skin layer. 
After that, this skin layer formed hindered protein diffusion process causing BSA to be 






























Figure 5.3 BSA release profiles at different temperatures. (■) 4oC, (♦) 22oC, (▲) 
37oC. Protein loading solution: 16.7 mg/ml, Gel Type used: NG-3. 
 
The gels experienced a slight decrease in swelling ratio at first owing to transfer from 
protein loading solution at 4oC to release media at 22oC. Hence, initial release rate of 
BSA was higher at 22oC than 4oC. Furthermore, diffusion of BSA at higher 
temperature was aided by a greater diffusion coefficient.  
 
In addition, highest cumulative amount of BSA released was 42 % at 4oC. This meant 
that encapsulated protein was not completely released from gel matrix. One possible 
reason for this could be presence of interactions between protein and gel matrix or the 
formation of BSA dimers through protein-protein aggregation.  
 
59 
RESULTS AND DISCUSSION 
5.1.6 Effect of Temperature Cycling 
Variations in swelling ratios of PNIPAAm hydrogels when subjected to temperature 
pulses are shown in Figure 5.4. Temperature change occurred across LCST with one 
temperature cycle comprising of one hour at 37oC and one hour at 22oC. As a 
consequence of raising temperature to 37oC, the networks began to collapse. When 
temperature was cooled to 22oC after one hour, gels reswelled.  This was reflected in 
rapid drop in weight swelling ratio once temperature was changed to 37oC and increase 
in swelling ratio after cooling to 22oC. It could also be observed that swelling ratio did 
not return to initial value at the beginning of experiment when cooled below LCST and 
declined with each subsequent temperature cycle. One reason was before the 
experiment, the gels were equilibrated at 4oC and equilibrium swelling ratio at 4oC was 
much higher than at 22oC. Thus, gels samples were unable to reswell to original 
swelling ratio value at the start of experiment. Furthermore, it had been reported that 
PNIPAAm gels took more time to swell from collapse state than to collapse from 
swollen state [35]. Therefore, as temperature was cycled to 22oC for one hour, the 
collapsed samples did not have sufficient time to regain swelling ratio value at the 
beginning of temperature cycle (before gel collapse at 37oC). Due to this, weight 
swelling ratio of gel samples declined with subsequent temperature cycle.  
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Figure 5.4 Weight swelling ratio of NG-3 hydrogel when subjected to temperature 
cycling between 22oC and 37oC. 
 
Figure 5.5a showed BSA release rate from PNIPAAM matrices when subjected to 
temperature cycling while Figure 5.5b showed cumulative release profile. A swollen 
protein-loaded gel was first exposed to temperature of 37oC (above LCST) followed by 
22oC (below LCST). After first temperature pulse, higher release rates were generally 
observed during low temperature period. Brazel et al. [28] reported a similar release 
trend using poly(N-isopropylacrylamide-co-methacrylic acid) [poly(NIPAAM-co-
MAA)] hydrogels for delivery of streptokinase and heparin. When subjected to pulses 
in temperature and pH, drug release was seen only when system was exposed to 
conditions corresponding to swollen state of gel (low temperature and pH values above 
pKa of PMAA) and reversible release patterns were shown until drug was exhausted.  
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Figure 5.5 Pulsatile BSA release profiles when subjected to temperature cycling. (A) 
Protein release rate vs time (B) Cumulative release profile. (♦) pulsatile protein release 
profile, (▲) cumulative protein release profile (■) temperature variation with time. 
Protein loading solution: 30mg/ml, Gel Type: NG-3.  
 
First pulse observed in our results was probably due to initial burst of surface 
encapsulated BSA during the formation of “skin” layer and convective forces created 
by gel deswelling. Drug release from PNIPAAm hydrogels at temperatures below 
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32oC was governed by diffusion. Above this temperature, surface of gel shrank before 
bulk material, forming an impermeable “skin layer”, which slowed or prevented 
further drug release. Release rate variation with thermal cycling gradually damped 
with temperature fluctuation. This was in accordance to drop in rate of change of 
swelling ratio (Figure 5.4).  
 
Cyclic deswelling and reswelling of matrix was to facilitate protein release by 
enhancing mass transfer. However, despite thermal pumping mechanism, majority of 
encapsulated protein remained entrapped. The unreleased portion of protein was 
postulated to have been adsorbed within network structure of gel matrix. 
 
5.1.7 Effect of Protein Molecular Size 
Effect of protein molecular size (as expressed by the molecular weight) on release 
profiles was determined by using two model proteins with different molecular weights, 
BSA (MW = 66 430) and insulin (MW=5 600) (Figure 5.6). Total percentage of 
protein released was higher for smaller protein molecule, insulin. Also, from Table 5.4, 
encapsulated insulin was almost completely released from gel matrix, while only 
around 57% of BSA was released after 48 hours. 
 
This observation could be due to two reasons. Firstly, insulin, as a smaller molecule, 
could diffuse through network with greater ease than BSA. Secondly, primary 
structures of two model proteins were very different. Insulin, being a smaller protein, 
would possess less of the amino acids (e.g. aspartic acid) that could potentially interact 
with polymeric network. Consequently, insulin had fewer potential binding sites to 
63 
RESULTS AND DISCUSSION 
interact with the polymer matrix when compared with BSA. As a result, a greater 
percentage of encapsulated insulin was released. 
 
Furthermore, with reference to calculated and experimental protein loading values (see 
Table 5.5), discrepancy between two values was smaller for insulin than BSA. As 
theoretical value was calculated based on assumption that there were no binding with 
gel, protein-polymer interactions might be the reason behind incomplete release in the 
case of BSA. On the contrary, these same interactions were insignificant for insulin as 































Figure 5.6 In vitro release profiles of BSA (♦) and insulin (■) from NG-3 hydrogels at 
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Table 5.4 Percentage of proteins released after 48 hours  
Gel Sample Protein Released After 48 hours (%) 
BSA Gela 57.4 
Insulin Gelb 93.8 
 
Protein Loading Solution: 10mg/ml 
a BSA loaded and binsulin loaded hydrogels taken after 48hrs of in vitro studies. 
 
 
Table 5.5 Insulin and BSA loading into PNIPAAM hydrogels 
Drug Loading  
(%) Sample Code 
Specific Swelling 
Ratio  
 (ml/mg x 100) Theoretical Experimental Difference 
BSA Gela 4.1 29.1 38.4 9.3 
Insulin Gelb 4.1 29.1 30.8 1.7 
 
Concentration of protein loading solution: 10 mg/ml. 
a, b BSA gel was to denote PNIPAAm gel that was loaded with BSA, Insulin gel: 
PNIPAAm gel that was loaded with insulin. 
 
5.1.8 Residual Protein Determination 
The images of gel samples after dyeing with bicinchoninic acid protein determination 
reagent are shown in Figure 5.7. Presence of BSA in gel matrix would turn gel sample 
from white to purple, and intensity of colour was proportional to quantity of protein 
present. As expected, sample taken after release studies was dyed purple, showing 
presence of BSA within gel matrix. Moreover, purple colour for gel after release was 
less intense than gel taken directly after protein loading (before in vitro release). 
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   (A) (B) 
 
(C) 
Figure 5.7 Pictures of gels taken after dyeing with BCA protein determination reagent 
(A): control without any loaded protein. (B): gel taken immediately after protein 
loading for 4 days. (C): BSA loaded gel taken after 48 hours of protein release. 
 
In addition, gels were crushed before reconstituting in PBS to allow detection of BSA 
that might be entrapped within pores and to increase surface area for extraction by 
PBS. For NG-3 hydrogel samples taken after 48 hours in vitro studies, BSA was found 
to be present.  
 
This experiment and the above-mentioned BCA dyeing method had provided 
qualitative evidence for incomplete release of encapsulated BSA from NG-3 gels. BSA 
was still present within gel but was unable to be released out due to interactions with 
polymer matrix. Sodium dodecyl sulphate (SDS) was also added to PBS to disrupt 
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possible non-specific interactions between gel and proteins. However, it seemed 
interactions were not disrupted through use of SDS.  
 
5.1.9 Effect of Proteins on the LCST 
LCST is the consequence of hydrophilicity and hydrophobicity balance of gel network. 
Hence, incorporation of more hydrophobic or hydrophilic comonomer will decrease or 
increase LCST of PNIPAAm gel [17]. DSC thermograms of blank and protein loaded 
PNIPAAm gels are shown in Figure 5.8. Temperatures at minimum points of DSC 
endotherms are taken to be LCST values [17]. LCST of blank PNIPAAm hydrogel 
obtained was in agreement with those that were obtained by other researchers [2,3]. It 
could be seen that presence of proteins, such as insulin and BSA in the gel network 
resulted a significant increase in phase transition temperature by approximately 3oC.  
 
Bae et al. [8] observed that encapsulating indomethacin (a hydrophobic drug) in 
PNIPAAm/PTMEG IPNs had resulted in a decrease in gel shrinking temperature 
(analogous to LCST) when compared to an unloaded IPN gel. They suggested that this 
might be due to interaction of indomethacin with polymer matrix that altered 
hydrophobicity of polymer chain, thus, lowering LCST. In another study, LCST of 
PNIPAAm microgels was lowered by 0.4oC in dilute solutions of hydrophobic amino 
acids, valine and aspartic acid, relative to phosphate buffer [16]. Yasui et al. [18] had a 
similar finding where enzymes conjugated on thermosensitive PNIPAAm hairs 
showed a higher LCST when compared to PNIPAAm hairs without enzymes. They 
hypothesized that immobilized enzymes had increased LCST of PNIPAAm “hairs” 
because of increase in hydrophilicity by trypsin. Similarly, in the context of our 
studies, insulin and BSA had increased LCST value. Therefore, this could imply that 
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interactions between the gel and encapsulated proteins had increased overall gel 
hydrophilicity. Thus, hydrophobic interactions in gels were dominated over by 
hydrophilic interactions up to a higher temperature, causing a fully loaded gel to have a 
higher LCST than an unloaded gel.  
 
As observed from in vitro release experiments, encapsulated BSA was not completely 
released from hydrogels, and this was mostly attributed to presence of protein-gel 
interactions. It was found that for LCST of BSA gels after in vitro were higher than 
control (Table 5.6). On the other hand, in the case of insulin, there was no difference in 
LCST of control gel and samples taken after release experiments. The above results 
entailed that unreleased BSA had interacted with gel matrix, and increased LCST 
value. Encapsulated insulin was almost completely released from gel matrix, thus, 
there was no change in LCST value for after release samples when compared to 
control.  
 
The effect of BSA loading solution concentration on LCST was also studied. It was 
found that LCST did not vary with BSA loading concentration (see Table 5.7). Higher 
BSA loading resulted in greater amounts of encapsulated proteins. Thus, LCST shift 
for gels with BSA remained approximately 3oC from original value, regardless of the 
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Figure 5.8 Typical DSC thermograms of NG-3 hydrogels in DI water and protein 
solutions. Scanning rate: 3oC/min. Protein loading concentration: 10 mg/ml. 
 
Table 5.6 LCST values of blank PNIPAAm gel and protein loaded gels after release. 
(Protein loading solution: 10mg/ml) 
Hydrogel Protein Released After 48 hours (%) 
LCST ± SDa  
(oC) 
Control (Blank) - 31.8 ± 0.8 
BSA Loaded b 57.4 35.5 ± 0.1 
Insulin Loadedc 93.8 31.8 ± 0.4 
 
a SD, standard deviation, average of 6 readings. 
b BSA loaded and cinsulin loaded hydrogels taken after 48hrs in vitro release. 
 
 




Mean LCST  
(oC) 
10.00 35.5 ± 0.2 
5.00 35.7 ± 0.1 
2.50 35.8 ± 0.1 
0.50 35.6 ± 0 
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5.1.10 State of Water in Hydrogels 
The state of water in hydrogels had been studied extensively by researchers [70, 71, 
74]. It is well established that water in polymer networks exists in three different 
physical states: free water that freezes at usual freezing point, intermediate water that 
freezes at a temperature lower than freezing point and bound water which does not 
display any phase transition. Use of DSC to characterize water in hydrogels is based 
on the assumption that only free or intermediate water may be frozen, thus, endotherm 
obtained when warming hydrogel represents melting of free and/ or intermediate 
water. 
 
PNIPAAm hydrogels equilibrated in BSA solution had a higher percentage of free 
water compared to PNIPAAm hydrogels swollen in deionized water (see Table 5.8). 
Chandy et al. [71] reported that with increase in hydrophilicity of gel network, freezing 
water content rose rapidly. Thus, BSA loaded hydrogels were more hydrophilic than 
unloaded swollen PNIPAAm gels. Accordingly, higher LCST of protein loaded gel 
mentioned in previous section was indeed a consequence of increase in gel’s 
hydrophilicity.  
 
From another viewpoint, significant interactions between protein and gel had led to 
unavailability of existing binding sites within gel network for water, therefore, 
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Bound water (Wb) 
(%) 
Freezing Water (Wf) 
(%) 
Blanka 96.06 20.73 75.33 
BSA loadedb 96.78 7.89 88.89 
 
a gels immersed in de-ionized water. 
b gels immersed in 16.7mg/ml BSA in de-ionized water. 
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5.2 Semi-IPNs of PVA and PNIPAAm Hydrogels 
5.2.1 Cross Section Morphologies of Semi-IPNs 
Cross sectional SEM pictures of freeze dried gels are shown in Figure 5.9. Increased 
PVA content in PNIPAAm networks had resulted in gels with smaller pore sizes. This 
was because hydrogen bonds formed between the hydroxyl (OH) groups of PVA and 
amide groups (CONH2) of PNIPAAm had caused PVA to act as physical crosslinks 
within the gel network. Therefore, semi-IPNs with increasing PVA contents displayed 
similar trend in their morphology as conventional PNIPAAm gels with higher 
crosslinker contents. This observation was also reported by Lee and Chen [48] where 
the pore sizes of semi-IPNs of chitosan in crosslinked PNIPAAm hydrogels was 
smaller than conventional PNIPAAm gels. Moreover, it could be seen that semi-IPNs 
exhibited a lamellar structure with increasing PVA contents due to the small domains 
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 (A) (B) 
 
  
 (C) (D) 
Figure 5.9 Cross-section SEM photomicrographs of conventional PNIPAAm gel, NG-
3 and semi-IPNs of PVA and PNIPAAm at 1000× magnification. (A) NG-3, (B) SIPN 
20, (C) SIPN 40, (D) SIPN 80. 
 
 
5.2.2 Equilibrium Swelling Ratio 
At temperatures below the LCST, PVA and PNIPAAm semi-IPNs possessed higher 
swelling ratios than conventional NG-3 gel (Figure 5.10). It was observed that for 
semi-IPNs, gels with greater PVA content had higher swelling ratios. This could be 
attributed to presence of hydrophilic PVA polymer chains. Swelling behaviours of 
hydrogels are strongly dependent on chemical nature of polymers that made up the gel 
as well as structure and morphology of network [64]. Partially hydrolyzed PVA can be 
considered as an amphiphilic molecule as there is a hydrophobic end made up of 
unhydrolyzed poly(vinyl acetate) and hydrophilic end of poly(vinyl alcohol). 
Therefore, PNIPAAm might be converted into a more hydrophilic complex when 
hydrophobic ends of PVA interact with hydrophobic segments of PNIPAAm in a 
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similar mechanism reported previously for interaction of surfactants (sodium salt of 
fatty acids) with PNIPAAm [57]. Consequently, overall hydrophilicity of semi-IPNs 
was improved and hence their swelling ratios increased. Bajpai and Rajpoot [75] had 
also reported that presence of hydrophilic polymers, poly(vinyl pyrrolidone) and PVA 
interpenetrated within crosslinked polyacrylamide led to an increase in swelling.  
 
When temperature was raised above LCST, the gels experienced phase transition: 
shrinking dramatically in volume. Semi-IPNs with higher PVA content showed a more 
significant collapse in structure around LCST than conventional gel, indicating that 
addition of PVA boosted thermosensitivity of PNIPAAm gels. On the other hand, at 
temperatures above LCST, there was no significant effect of PVA content on swelling 




























Figure 5.10. Temperature dependence of equilibrium swelling ratio of conventional 




RESULTS AND DISCUSSION 
5.2.3 Deswelling Kinetics 
Figure 5.11 shows shrinking rates of gels after a temperature rise from 22oC (ambient 
temperature) to 50oC (above the LCST). Deswelling kinetics of conventional 
PNIPAAm gels and semi-IPNs had clearly indicated that deswelling response rates 
increased with greater content of linear PVA polymer chains within PNIPAAm gel 
network. For instance, SIPN 60 to SIPN 100 gels exhibited rapid deswelling and 
reached equilibrated shrunken state within 5 minutes.  
 
Conventional gels (NG-3) responded slowest among gel samples to temperature 
change. This was because once the conventional NG-3 gel was exposed to medium 
above LCST, outermost layer of gel deswelled much faster than entire gel matrix to 
form a skin layer. This skin layer was dense enough to retard efflux of water from gel, 
thus, slowing deswelling process of NG-3 gels as well.   
 
Addition of PVA resulted in formation of gel network with numerous pores. This 
porous structure enabled greater heat and mass transfer between environment and gel 
interior, allowing rapid phase separation throughout entire gel matrix. Thus, formation 
of “skin” layer was prevented and semi-IPNs were able to deswell quickly in response 
to temperature change. Zhang et al. [37] observed a similar trend in the deswelling 
kinetics of PEG-modified PNIPAAm hydrogels.  
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Figure 5.11 Influence of PVA content in semi-IPNs of PVA and PNIPAAm on the 
deswelling kinetics. 
 
5.2.4 Reswelling Kinetics 
Reswelling processes of vacuum dried conventional and semi-IPN gels were illustrated 
in Figure 5.12. In swelling process following water penetration into the glassy matrix, 
three steps were proposed to occur in succession [61,76]: diffusion of water into 
polymer network, relaxation of polymer chains with hydration, and expansion of 
polymer network into the surrounding bulk water upon relaxation. If the fraction of 
water uptake at time t is proportional to square root of time, the rate-determining step 
in the gel swelling is the diffusion of water into the gel. On the other hand, if the 
polymer relaxation process is much slower than the diffusion of water, known as Case 
II transport, the fraction of water uptake at time t is proportional to time. A more 
detailed explanation of the above correlations was mentioned in chapter 3, section 
3.4.2 of this thesis. The first 60% of water uptake in Figure 5.12 and Figure 5.13 was 
compared. In general, water uptake was directly proportional to square root of time. 
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This might be attributed to the competing processes of water diffusion and polymer 
swelling initially when the gel was first placed in swelling medium. In fact, a swelling 
front was observed in all gel samples in the first hour during reswelling process. This 
was indicative of case II transport and from Figure 5.13, it could be seen that water 
uptake percentage was directly proportional to time in the first hour. 
 
It seemed that reswelling rates of the four gels samples were similar. Reswelling 
kinetics studies were carried out on shrunken, vacuum dried gels, therefore, polymer 
chains were in glassy states. It would take some time for aggregated glassy polymeric 
chains to rehydrate during reswelling process. With higher swelling ratios and smaller 
pore sizes compared to NG-3, semi IPNs would take a longer time to be fully swollen.   
 
Comparing the time taken for deswelling and reswelling, it was found that generally it 
took a shorter duration for gels to collapse than to reswell. This was probably due to 
longer and slower process taken by aggregated polymeric PNIPAAm chains to break 
their hydrophobic interactions and rehydrate as compared to deswelling case where 
chains were free and hydrated, thus, they were in a much more mobile state during 
collapse process [35].  
77 






















































Figure 5.13 Reswelling kinetics of PNIPAAm and semi-IPNs with respect to square 
root of time. 
 
5.2.5 Lower Critical Solution Temperature (LCST) 
Figure 5.14 shows DSC thermograms of NG-3 conventional gels and PVA/PNIPAAm 
semi-IPNs. All the semi-IPN gels had higher LCST than normal gel, NG-3. PVA 
content of semi-IPNs did not affect LCST value significantly (one way ANOVA, p< 
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0.05). Formation of hydrogen bonds between PVA and PNIPAAm gel network 
enhanced gels’ hydrophilicity, thus leading to a higher LCST. When temperature 
induced phase transition of semi-IPNs composed of PNIPAAm and PVA polymer was 
investigated by Shin et al. [49], they reported a downward shift of LCST for 
PVA/PNIPAAm semi-IPNs due to intermolecular interactions such as hydrogen 
bonding. This is in contrast to general trend where LCST should increase with greater 
hydrophilicity of polymers [17]. They explained that the incorporation of hydrophilic 
polymers led to increased intermolecular hydrogen bonding, thereby protecting 
PNIPAAm from exposure to water and resulting in a significant hydrophobic 
contribution to LCST. However, amounts of PVA added to form semi-IPNs with 
PNIPAAm in our experiments were much more than what Shin et al. [49] did (at least 
twice as much). Therefore, it was possible that this hydrophobic contribution by 
incorporated PVA polymer chains was overshadowed by increase in hydrophilicity of 
the gel due to PVA. Consequently, semi-IPNs of PVA/PNIPAAm were found to have 
a higher LCST than PNIPAAm gels. This LCST increment effect could also be 
elucidated using effect of surfactant PVA on PNIPAAm polymeric network. 
Surfactants have the ability to convert originally hydrophobic polymer into a 
hydrophilic complex by binding of the aliphatic hydrocarbon chains with polymer 
hydrophobic parts [57]. When this happened, the polymer was partially covered by 
surfactant molecules turning their hydrophilic head to outside. Due to this, polymer 
would be able to remain soluble in water up till a higher temperature, thereby 
increasing LCST values. 
79 
RESULTS AND DISCUSSION 





   
   

















Figure 5.14. DSC thermograms of conventional NG-3 and PVA/PNIPAAm semi-IPNs 
at a heating rate of 3oC/min from 20oC to 50oC 
 
As amount of NIPAAm monomer used in each gel formation was fixed, amide groups 
(CONH2) available for hydrogen bonding or other interactions within gel network was 
predetermined by availability of binding sites. Due to this, increase in PVA content did 
not affect LCST significantly as hydrogen bonding between PVA and PNIPAAm 
might have reached a limit. As a consequence, further addition of PVA did not change 
the LCST. In other words, polymer network was possibly be saturated by the 
surfactants. 
 
5.2.6 State of Water in  Semi-IPNs 
Equilibrium water content values, free and bound water contents obtained by DSC 
measurements are shown in Table 5.9. Free water has good mobility as it does not 
have any interaction with the polymer chains. However, bound water is involved with 
hydrogen bonding with the polymer. It was observed that, in general, semi-IPNs had 
lower bound water content compared to NG-3. This could be attributed to formation of 
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intermolecular hydrogen bonds between PVA and gel network. Thus, sites available on 
PNIPAAm gel matrix for interacting with water was reduced, thereby decreasing 
bound water content as well. Guan et al. [74] reported a similar phenomenon in 
crosslinked chitosan/polyether semi-IPNs. The amino groups of crosslinked chitosan 
formed strong hydrogen bonds with oxygen of polyether. As a result of this, 
hydrophilic groups that could interact with water molecules were reduced, decreasing 
percentage of bound water in gel structure. The equilibrium water content was 
calculated with respect to swollen gel weight.  
Table 5.9 Water state in conventional PNIPAAm gels and semi-IPNs of 
PVA/PNIPAAm 
Gel Sample Bound water (Wb) (%) 
Free Water (Wf) 
(%) 
NG-3 20.73 75.33 
SIPN 20 6.16 91.14 
SIPN 40 6.30 90.43 
SIPN 80 3.63 92.43 
 
 
5.2.7 Effect of Encapsulated Proteins on the LCST of Semi-IPNs 
LCST values of blank and BSA loaded conventional NG-3 gels as well as semi-IPNs 
of PVA/PNIPAAm were compared and shown in Table 5.10. It was noted that with the 
exception of NG-3 gels, encapsulating BSA in gels did not affect LCST value 
significantly. This could be attributed to saturation of possible interaction sites on 
PNIPAAm network by PVA polymer chains, such that protein-gel interactions were 
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Table 5.10 Effect of BSA on the LCST of conventional and semi-IPN gels. 
LCST  ± SDa 
(oC)  Gel Sample 
Blank BSA loaded 
NG-3 32.0 ± 0.4 35.3 ± 0.1 
SIPN 20 35.2 ± 0.1 35.3 ± 0.1 
SIPN 40 35.2 ± 0.2 35.0 ± 0.1 
SIPN 80 35.0 ± 0.1 34.8 ± 0.1 
 
a SD, standard deviation. Average of 6 readings. 
 
5.2.8 In Vitro Release Studies 
Figure 5.15 shows a comparison of BSA release profiles using semi-IPNs and 
conventional PNIPAAm NG-3 gels. At constant temperature, cumulative protein 
released as well as protein release rate were significantly affected by PVA contents in 
the semi-IPNs. As content of hydrophilic PVA chains in PNIPAAm network 
increased, total percentage of BSA released was greater because of higher equilibrium 
swelling ratio. In addition, presence of PVA polymer chains in semi-IPNs had 
saturated possible binding sites on PNIPAAM network therefore protein-gel 
interactions were minimized.  
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SIPN 20 SIPN 40 SIPN 80 NG-3
 
Figure 5.15 In vitro BSA release from semi-IPNs and conventional gels at ambient 
temperature (22oC). Loading solution concentration: 16.7mg/ml 
 
 
5.2.9 LCST Values of Gels after In Vitro Release 
Table 5.11 compares the LCST of blank control gels and gels taken after 48 hours of in 
vitro release. LCST values of control gels were lower than that of blank gels (Table 
5.10). This was perhaps due to the difference in swelling medium of gels: PBS for 
control gels in this experiment compared to DI water in the previous set.  The salts in 
PBS had a more significant effect in lowering LCST of semi-IPN gels than 
conventional PNIPAAm gels. These salts might compete with PVA and thus weaken 
interactions between PVA and gels, resulting in a decrease in LCST [57].   
 
It could be seen from Table 5.11 that there was no significant difference in LCST 
values of control and after release semi-IPNs (one-way ANOVA, p<0.05). This could 
further substantiate the fact that PVA binding with crosslinked PNIPAAm had 
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hindered BSA from interacting with PNIPAAm. Therefore, LCST values of semi-IPNs 
after in vitro release remained unchanged. 
 
Table 5.11. Comparison of LCST between control gels and gels after in vitro release. 
Loading solution concentration: 16.7mg/ml 
LCST ± SDa 
(oC)  Hydrogel 
BSA Released 
After 48 hours 
(%) Control After Release 
NG-3 39.8 32.0 ± 0.8 35.5 ± 0.1 
SIPN 20 51.1 32.5 ± 0.6 32.0 ± 0.5 
SIPN 40 79.3 32.1 ± 0.4 32.4 ± 0.4 
SIPN 80 97.5 32.5 ± 0.2 32.0 ± 0.3 
 
a SD, standard deviation (n=6) 
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CHAPTER 6 CONCLUSIONS 
 
 
6.1  Conventional PNIPAAm Hydrogels 
PNIPAAm gels were fabricated by free radical polymerization using MBAAm as 
crosslinker, APS as initiator and TMEDA as accelerator. PNIPAAm gels with smaller 
pores were synthesized when higher amounts crosslinker were added during gel 
formation. Differences obtained between theoretical and actual BSA loading implied 
possible interactions between BSA and the polymer matrix. Furthermore, disparity 
between two values decreased when higher crosslinked gels were used. This was 
because gels with lower crosslinking had larger pore sizes that were more accessible 
for large protein molecules to enter and get adsorbed within the network. On the other 
hand, gels with higher crosslinker content had smaller pores which provided steric 
hindrance to protein macromolecule docking, thus reducing the possibility of protein 
interactions. In addition, in vitro release temperatures and protein loading influenced 
protein release from PNIPAAm hydrogels. Encapsulated BSA was not completely 
released from the gels in these cases due to protein-gel interactions as well as protein-
protein aggregation. Evidence for this was given by dyeing gels samples with protein 
determination reagent and shift in LCST values of gels. Temperature cycling also 
failed to improve BSA release. Adsorbed BSA was also unable to be extracted by 
SDS. In contrast, nearly complete release of encapsulated insulin was observed after 
48 hours of in vitro release. This was attributed to differences in amino acid 
compositions between BSA and insulin, leading to weaker interactions of insulin with 
the gel matrix.  
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6.2 Semi-IPNs of PVA and PNIPAAm 
Semi-IPN gels were fabricated by adding linear PVA polymer to NIPAAm during gel 
synthesis. Scanning electron photomicrographs showed that semi-IPNs with higher 
PVA contents had smaller pores and lamellar structure because interpenetrating PVA 
polymer chains acted as physical crosslinks. PVA/PNIPAAm networks displayed 
higher swelling ratios and deswelled faster than conventional PNIPAAm gels. 
Furthermore, reswelling kinetics of conventional and semi-IPNs were determined by 
rate of water diffusion into the gels. In addition, semi-IPNs had higher LCST value and 
free water content than PNIPAAm gels due to interactions between PVA and 
PNIPAAM networks. Presence of PVA had also hindered protein interactions with gel 
matrix, resulting in higher percentages of encapsulated BSA to be released from the 
semi-IPNs unlike conventional gels. Therefore, above observations led to the 
conclusion that properties of gels could be modulated to improve protein delivery 
efficiencies of PNIPAAm gels by using synergistic additives such as PVA.  
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